Abstract-Surgeons routinely perform surgery with noisy, sub-threshold, or obscured visual and haptic feedback, either due to the necessary surgical approach, or because the systems on which they are operating are exceedingly delicate. Technological solutions incorporating haptic feedback augmentation have been proposed to address these difficulties, but the consequences for motor control have not been directly investigated and quantified. In this paper, we present two isometric force generation tasks performed with a hand-held robotic tool that provides in-situ augmentation of force sensation. An initial study indicated that magnification helps the operator maintain a desired supra-threshold target force in the absence of visual feedback. We further found that such force magnification reduces the mean and standard deviation of applied forces, and reduces the magnitude of power in the 4 to 7 Hz band corresponding to tremor. Specific benefits to stability, voluntary control, and tremor were observed in the pull direction, which has been previously identified as more dexterous compared to push.
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INTRODUCTION
M ODERN surgeons perform procedures with increasingly challenging demands, where their surgical approach and tools are complex, or the target tissues are exceptionally delicate. For example, electrocautery uses high frequency alternating current, radiofrequency, or microwave energy to dissect through tissue, rather than sharp blades. A key benefit to electrocautery is that small blood vessels (diameter less than 1 mm) coagulate due to the heat generated by the probe, helping maintain hemostasis and all but eliminating visual occlusion of the surgical site by blood [1] . Incision depth using these powered tools depends on both the contact force and contact time. Controlling contact with a surface using such hand-held tools while applying minimal force is therefore a critical surgical skill. Yet, precise control over these factors is more difficult in procedures performed minimally invasively, where visual feedback is obscured, and haptic feedback is hampered due to friction, or dampened by the length of the tool interposed between the hand and the tissue [2] .
On a smaller scale, ophthalmic surgery is a microsurgical speciality in which interaction forces are often sub-threshold. This is especially true in the retina, where the average interaction force is in the millinewton range, and thus for the most part below the threshold for perception [3] , [4] . In the anterior segment of the eye (containing the cornea, lens, iris, and ciliary body), cataract extraction is a common procedure where precise control of force is similarly necessary to prevent intraoperative injury. The lens is constrained by the anterior and posterior capsules, thin membranes (less than 30 mm thick) that shape it as required for visual accommodation [5] . To access the cataract (the opacified lens), surgeons initiate a tear in the anterior capsule using a pick-like tool. The tear, which is initiated radially, is then turned to proceed circumferentially. Smooth vectoring of force is essential to successful performance of this technique, called continuous curvilinear capsulorhexis (CCC). The cataract is then broken up by phacoemulsification-the application of ultrasound energy-and removed by vacuum suction. Serious complications during CCC or phacoemulsification, including posterior capsule tear, occur in as many as 3.5-11 percent of all cases [6] , [7] . Finer sensing and control of forces throughout the procedure could lower the rate of complications.
Relatively little work has been done to characterize human motor control in force regimes typical of microsurgery. In general, humans make relatively small errors when asked to produce forces on the order of 2 to 18 N, particularly when visual feedback about the force is provided [8] , [9] . Srinivasan and Chen asked participants to use their index finger to press on a glass plate attached to a force sensor [10] . Participants' abilities to generate target forces at 0.5, 1.0, and 1.5 N with and without visual feedback were characterized by measuring the absolute and relative errors. The error without visual feedback was between 11 and 15 percent, such that the error magnitude generally increased with increasing target force. With visual feedback, the error remained constant over these force levels, at approximately 40 mN. Wang and colleagues performed a similar experiment wherein participants used a hand-held tool to match target forces between 0.5 and 5.0 N [11] . Without visual feedback, the average absolute error when matching 0.5 N was 50 mN, and when matching 5 N was 250 mN, 11 and 6 percent relative to the target force, respectively. With visual feedback, the absolute error did not exceed 50 mN across all tested forces, and relative errors did not exceed 3 percent.
We believe that many difficulties in minimally invasive surgery and microsurgery derive from deficiencies in the afferent information driving the human sensorimotor loop. Interaction forces are noisy or sub-threshold, and movements are performed over such a small scale that kinesthetic afferent signals are also not differentiable. In microsurgery, operating under a surgical microscope futher presents a disparity between motor commands, their consequent kinesthetic feedback, and the observed movement that results. Tremor also becomes a significant component of movement over small scales, requiring special attention to ergonomic concerns like posture and tool design [12] . In minimally invasive surgery, visual feedback is often monocular, greatly reducing the sense of depth otherwise provided by stereopsis. These perceptual challenges make surgical procedures more difficult to learn and perform. Intraoperative errors increase hospitalization time and cost, and sometimes require additional specialists to rectify.
Several technologies have been proposed to address the perceptual difficulties in microsurgery [13] , [14] , [15] , [16] , [17] ; for review see [18] . Some relatively large architectures offer increased stability through grounded connections to the floor. The Steady Hand Robot, for example, provides force feedback through translation and rotary stages connected to an instrumented surgical tool [13] , [14] . The robot and surgeon share control over the surgical tool in a "cooperative" control paradigm, a type of admittance control. Other, hand-held tools offer tremor stabilization or vibrotactile feedback. Micron uses optical position sensing and microactuators to adjust the pose of a tool tip independent of the tool handle, so as to minimize tremor and other involuntary movements [15] , [16] . Payne and colleagues have developed a hand-held tool that provides a vibrotactile cue when some critical tool tip force has been reached [17] .
When designing tools that enhance sensory perception, we aim to add as little as possible to the already considerable cognitive load associated with performing a surgical procedure. Auditory feedback, in contrast to haptic feedback, may not be well suited for the operating room due to conflict with ambient audio signals from medical equipment. Closed-loop visual feedback, such as graphical displays or other force-responsive visualizations, is potentially distracting and may lead to increased servo-ing when matching force over long periods of time.
By providing additional feedback through the haptic channel, rather than through visual or auditory means, we expect tools will be used more intuitively and may be more easily integrated into existing practice. Specifically, we design tools to directly amplify action-dependent forces as they would be sensed by the user, a paradigm we call "in-situ" force feedback. This is as opposed to using vibrotactile feedback as a force surrogate, either continuously mapped to force, or serving to signal when some critical force is reached [19] .
In-situ force feedback has the benefit that force information is transmitted to the user directly as force-there is no cognitive conversion necessary as with these other modalities. Furthermore, the force feedback is superimposed on the original forces coming from the tissue interaction, so as to augment them naturally. In this paper, we use a novel handheld robotic tool (described in the next section) to investigate whether in-situ force magnification can help a user match target forces (Experiment 1) and maintain contact with a surface (Experiment 2). In Experiment 1, we hypothesize that magnification will be effective at force levels below the threshold we measured previously with a tool, but near or above thresholds associated with the bare finger. In Experiment 2, we hypothesize that magnification will facilitate force maintenance as it moves near-threshold forces into clearly detectable ranges. Requiring the user to generate higher efferent forces to overcome the additional feedback forces employed to effect magnification could also engender improvements to distal force control.
APPARATUS
The Hand-Held Force Magnifier (HHFM) is a robotic surgical instrument designed to provide in-situ force feedback [20] , [21] . A force sensor (Motorola MPX2011DT1; 75 kPa pressure range, 1 percent linearity and 0.1 percent hysteresis) inside the handle is mechanically linked to the needle to measure the interaction force between the tool tip and the distal target. Assuming pressure is distributed evenly across its 5.1 mm 2 circular sensing area, our sensing subsystem can safely measure up to 383 mN. A voice coil actuator (Moticont LVCM-013-013-02) is rigidly connected to the handle, which is gripped by the user's fingers. The voice coil magnet is mounted to a brace that fits across the palm. Therefore, while the device is not grounded to the earth or floor, it uses the hand as a mobile platform against which feedback forces are generated [22] . The voice coil can generate up to 0.86 N and has a mass of 14 grams.
This in-situ force feedback takes full advantage of the phenomenon known as distal attribution [23] , [24] . That is, the user perceives (or "attributes") the feedback force F as originating from the distal end of the tool, where the tip contacts the tissue, rather than from the proximal end, where the voice coil is actually producing force.
The HHFM Model-3, depicted in Fig. 1 , was manufactured using stereolithography, a 3D printing technology, and has a total mass of 80 grams. The tool tip used in the experiments described below was somewhat shorter than the one shown in Fig. 1 , with a pronounced 90 degree hook with which the user may push or pull easily.
The HHFM operates as a first approximation under a simple control law,
where f is the small force of the tissue on the tool tip, measured by the internal sensor; F is the feedback force generated by the actuator; and k is the magnifier gain (see Fig. 1 ). Fig. 2 illustrates a proposed human-in-the-loop control diagram comparing surgery with a traditional tool to surgery performed with the HHFM. In traditional surgery (Fig. 2a) , the operator's efferent forces, F e , are transmitted directly to the tissue, resulting in an equal but opposite force, f, the force of the tissue on the tool, that is felt directly as the afferent force, F a . With a tool that provides in-situ force feedback (Fig. 2b) , however, the device actuator applies a feedback force, F , which not only can magnify a sub-threshold distal force f to supra-threshold levels, but also works in the opposite direction of F e , lowering the net force applied to the tissue. For this active system, the diagram also includes not only the gain k defined in (1), but also the electromechanical delay t between sensing the distal force f and actuating F .
In considering Fig. 2b , note that the HHFM does not explicitly affect the motor control of the user by means of actuation. Rather, it intervenes with the user's perception of the distal interaction, which in turn is spontaneously leveraged by the sensorimotor system to improve motor control.
According to Fig. 2b , under in-situ force magnification, the afferent force, F a , is described by
Previous work with HHFM prototypes has shown reduction in the absolute force threshold by a factor of k þ 1, as predicted by (2) [25] . Subjective perception of force and stiffness magnitude has also been shown to follow an approximate k þ 1 factor increase, though the effect is somewhat compressed at higher forces. Thus the threshold and suprathreshold measures both point to effective magnification along the afferent pathway.
The HHFM is controlled by an Analog Devices ADuC7026 microprocessor, running at 40 MHz with banks of 12-bit analog-to-digital converter (ADC) and digital-to-analog converter (DAC) interfaces, as well as general purpose I/O pins. A second ADuC7026 microprocessor controls the apparatus used for the experiments described below. Both microprocessors are programmed in C and operate with reliable throughput of analog inputs and outputs at 5 kHz.
The apparatus used in the experiments was constructed as shown in Fig. 3 . In the experimental tasks, force was applied by the participant using the HHFM tool. The force was measured using a GS0-100 force sensor (Transducer Technologies), a calibrated, bidirectional load cell with analog output. The GS0-100 is highly linear (0.01 percent full-scale nonlinearity and repeatability) with a range of AE100 grams (980 mN). A small tubular target (white arrow) was attached to a nylon screw threaded into the GS0-100, presenting a point at which participants could insert the hook at the distal tip of the HHFM. This enabled participants to push or pull on the sensor. The target had a mass of 0.65 grams, which slightly preloaded the sensor. Fig 3 shows the force sensor in a benchtop vice, with three LEDs mounted behind to provide visual feedback. The sensor and LEDs were angled at 20 degrees relative to the horizontal plane, and a raised platform was available where participants could rest their hand to comfortably contact the sensor target with the HHFM.
Voltage data from the HHFM, experiment apparatus, and GS0-100 force sensor were collected using a National Instruments NI-6009 Data Acquisition system, a bank of 10-bit ADCs that measures and records voltages at 1 kHz using the LabVIEW software platform.
To examine human motor control under in-situ force magnification, we conducted two experiments with the Fig. 2 . Human-in-the-loop control system describing (A) traditional surgery and (B) surgery with in-situ force magnification. F F e e is the efferent force, the force produced by the user; F F a a is the afferent force, the force perceived by the user; f f is the force of the tissue on the tool tip; k k is the magnifier gain; and t t is the small electromechanical delay associated with HHFM control. HHFM: one exploratory study (N ¼ 4) similar to [10] and [11] , which we call the "Force Matching" experiment; and another in which participants (N ¼ 13) were asked to maintain contact with a surface while exerting minimal force, the "Minimum Contact" experiment. Both experiments utilized the aforementioned apparatus; the tasks are described in the subsequent sections.
EXPERIMENT 1: FORCE MATCHING
Participants
Four participants (three male, one female) were recruited from the local university community for the Force Matching experiment. All were right-handed by self-report, and were tested under a university IRB approved protocol with informed consent. In all cases the HHFM was held in the right hand. Participants were tested individually, and the experiment lasted approximately 1 hour.
Experimental Design
The participants took part in a series of trials in which they matched several target forces: 1, 2, 3, and 4 grams (approximately 10, 20, 30, and 40 mN). A 1-gram window centered on the target force was established as the target force zone, and participants were instructed to maximize the time spent in this zone. (It should be noted that we use "grams" as our primary unit of force-sometimes denoted "grams-force"-to provide a more familiar unit than Newtons.) These tight constraints were inspired by [4] , which indicated that retinal surgeons perform vessel punctures in-vivo while on average exerting only 7.5 grams (approximately 75 mN).
In each trial, participants were given simple visual feedback about how their applied force compared to the target during an initial 6-second period, followed by another 6-second period in which visual feedback was removed and participants were instructed to maintain the target force as best they could.
Visual feedback was provided according to the following paradigm. The red or green LED (see Fig. 3 ) was lit at the beginning of a trial to indicate the direction of the requested force; the instruction given to participants was to "push or pull the light to the middle." For example, in a push trial, the red LED was initially lit. When the participant reached the target zone, the yellow LED was illuminated. If the participant exceeded the target zone, the green LED was activated, indicating that the participant should reduce their force until they re-entered the target window. For pull trials, the order of the red and green LEDs was reversed.
The first 6-second period was initiated when the participant had passed through the target window three times. (Alternatively, the timer was started if the participant was able to stay within the target window for at least 0.4 ms. As this was evidently very difficult, however, the pass-through condition was implemented to better reflect participants' abilities to perform the task.) During this period, forceresponsive visual feedback using the LEDs was provided to the participant, using the same signals as earlier in the trial (i.e., the participant received no alert signal that timing had begun). After this 6-second period, the LEDs were turned off, and participants were instructed to maintain the target force as best they could. An audio cue was given after 6 seconds without visual feedback, at which time participants were instructed to release contact until the next trial. Fig. 4 is an example of the sensor and actuator data collected from one trial, with the visual feedback data collection starting at the green vertical dashed line. The 6 seconds without visual feedback lies between the two red vertical dashed lines.
The matching task was repeated for the four target forces in two directions: push and pull, and with HHFM force magnification off or on, k ¼ 0 or 2, respectively. In this first experiment, k ¼ 2 was chosen because we had found benefits to perception at a gain of k ¼ 2:4 in previous experimentation [20] , [25] . Completing the task under each of the 16 experimental conditions, randomly ordered, constituted 1 block. Each participant completed 5 blocks of trials. Prior to these experimental blocks, participants also completed a training block of trials to accustom themselves with the device and task.
Results
Data were collected from 320 trials, split evenly between the 16 experimental conditions and across the participants. The mean force, standard deviation of force, and time within the target window were analyzed as a part of each 6-sec time-period in which participants did or did not have the benefit of visual feedback, under conditions with and without magnification. Error-free performance in the target matching task is represented by the dashed y ¼ x line in Fig. 5 . The mean absolute error was little affected by magnification: with visual feedback, the average absolute error (AE1 s.e.m.) across all target forces and directions was 1.38 AE 0.29 grams (13.53 AE 2.84 mN) without magnification, and 1.42 AE 0.25 grams (13.92 AE 2.45 mN) with magnification. The clear trends are that without visual feedback, the mean applied force is more variable, as evidenced by the larger s.e.m bars, and that error is higher: the average absolute error across all forces and directions in the absence of visual feedback was 4.34 AE 0.63 grams (42.56 AE 6.17 mN) and 2.78 AE 0.36 grams (27.26 AE 3.53 mN), respectively, for the unmagnified and magnified conditions.
Percentage Time in Target Window
The ability of the participants to remain within the target force zone was analyzed as follows: Z-scores for the percentage of time in the target window for each 6-second half of the trial were calculated, and cumulative distribution functions (CDFs) for the 4 visual feedback and magnification conditions were assembled. Use of z-scores allows us to pool data from different participants, each observation being normalized around the mean of that participant over all conditions in the experiment. The z-score for each trial is calculated using
where X i is the trial observation; X is the mean for that participant; and s x is the standard deviation for that participant. The CDFs are shown in Fig. 6 . Two-sample Kolmogorov-Smirnov (K-S) tests were used to test for differences due to visual feedback and magnification. The significance value was set at a ¼ 0:05. It should be noted that on an absolute scale, even with visual feedback, half the trials under magnification showed participants spending less than 15 percent of the time within the window. In the period without visual feedback, participants spent even less time in the target zone, approximately only 8 percent. These data point to the difficulty of the task, which led us to design the Minimum Contact experiment, discussed in the next section.
EXPERIMENT 2: MINIMUM CONTACT
Participants
Thirteen participants (five male, eight female) were recruited from the local university community. All were right-handed by self-report, and were tested under a university IRB approved protocol with informed consent. In all cases the HHFM was held in the right hand. Participants were tested individually, and the experiment lasted approximately 1 hour.
Experimental Design
Participants in this experiment took part in a series of trials that required them to maintain contact while minimizing force. The task was inspired by electrocautery and ablation as discussed in Section 1. The motivation for the following sequence of force production is to ensure that the generated force rises to a level above threshold, so as to allow participants to perceive the generated force, but then is reduced to a region closer to threshold, which may depend on magnification gain.
At the beginning of each trial, participants were guided to a maximum force, 15 grams (147 mN), in one of two directions: push or pull. This force level was chosen as it is supra-threshold without force magnification, as determined from absolute threshold experiments (threshold was 70 mN with the gain at k ¼ 2:4) [20] , [25] . The red or green LED (see Fig. 3 ) was lit initially to indicate the direction of the requested force, push or pull respectively; the instruction given to participants was to "push or pull the light to the opposite side." When participants reached half the target force, the yellow LED illuminated. Upon reaching the target force, all LEDs were lit, an audio cue was given, and the LEDs were turned off.
The subsequent period without visual feedback, which lasted 6 seconds, was the critical part of the trial captured for analysis. Participants were instructed that, during this period, they should maintain contact with the target while applying as little force as possible.
After the 6-second interval, an audio cue was given to indicate the end of the trial, and participants were instructed to release contact until the next trial began. Fig. 7 is an example of the sensor and actuator data collected from one entire trial; the critical 6-second period lies between the two vertical red dashed lines.
This task was tested in the two directions: push and pull, and under three magnification levels induced by the HHFM device: k ¼ 0; 2; and 4. Completing the task under each of these 6 experimental conditions, randomly ordered, constituted 1 block. Each participant completed 5 blocks of trials. Prior to these experimental blocks, participants also completed a training block of trials to accustom themselves with the device and task.
Statistical Analysis
Data were collected from a total of 390 trials, split evenly between each of the 6 experimental conditions and across the participants. For analysis from each trial, we isolated the last 5 seconds of the period of data without visual feedback. This ignored the first second immediately following the loss of visual feedback, which tended to demonstrate undesired variability in performance while participants achieved minimum force.
The means and standard deviations of the applied force were calculated under each experimental condition. Fourier transforms were computed, and a measure of power within certain frequency bands was calculated according to
where F ðnÞ is the Fourier transform of the applied force; and n 1 and n 2 are limits for a particular frequency band, in Hz. It should be noted that "power" is used here not in its physical sense, but rather in the conventional signal processing sense, to mean the square of the amplitude of the given measurement, in this case, force. Voluntary movements are thought to contribute most to the low frequency bands. Tan and colleagues have estimated the bandwidth for force control at the fingers as approximately 6 Hz [26] . Rapid movements, for example, those associated with playing piano, have peak frequencies in the 4 to 8 Hz range [8] . Since our task involves relatively slow voluntary movement, the power was calculated for three bands: 1 to 4 Hz; 4 to 7 Hz; and 7 to 10 Hz. The first two bands are taken to assess voluntary control of action and involuntary motion in the form of tremor, respectively [15] , [27] , [28] . The last band, 7 to 10 Hz, is also taken to encompass high frequency components of tremor [29] , [30] .
Effects of tremor under light load and while holding a tool are not well studied, although higher loads at different joints produce complex relationships with tremor [30] , [31] , [32] . Under in-situ magnification, we hypothesize that higher forces will reduce tremor oscillation by stabilizing the hand through application of a counterforce.
To determine when the participant was in contact with the force sensor, we statistically compared measurements from a period of known non-contact before each trial with measurements during the 5-second test window, during which the participant might or might not be in contact. To differentiate, we applied Welch's t-test, a modification of the Student's t-test for determining the significance of a difference between two means that accommodates differing sample sizes and variances [33] . As participants were instructed to ensure they were not in contact with the sensor between successive trials, we used the mean force from the 250 ms of force measurements just prior to the start of the trial to serve as a baseline reading for the absence of contact. This reference mean was then compared to the mean force of 30-msec non-overlapping windows along the rest of trial. (This window size was chosen because thirty 1-msec samples produced an approximately normal distribution, a key assumption of Welch's t-test.) The significance value for the contact detector was set at a ¼ 0:025. When p > 0:025, we accepted the null hypothesis that the two samples were drawn from the same population, and concluded that the participant was not in contact with the sensor during that window. Fig. 8 shows an example of segmentation using this process, with the periods of non-contact shaded only during the 5 seconds of analyzed trial data.
Results
The mean and standard deviation of force were analyzed only for those 30-msec periods (within the critical 5-sec window) when the participant was in contact with the target. Power was calculated on the raw force data, with no sections removed for being out of contact. This calculation captures the total power delivered to the target including loss and restoration of contact, as would happen in interactions with physical tissue. These data and contact time were subjected to repeated measures ANOVAs with factors of magnification level and force direction. The significance value was set at a ¼ 0:05.
Contact Force: Mean and Standard Deviation
Figs. 9 and 10, respectively, show the means and standard deviation of the applied force during the critical 5-sec interval without visual feedback, as a function of magnification and direction. In these graphs, the pull data are shifted slightly to prevent overlap between data points.
The data indicate that force magnification tends to reduce both the mean and standard deviation of applied Although the mean power trends suggested that magnification tended to reduce power, particularly in the push direction, statistical analysis of the individual power bands showed no significant effects in the first band (1 to 4 Hz), indicative of voluntary force production, and third band (7 to 10 Hz), where overall power was low. There was a significant interaction between magnification and direction in the second power band, 4 to 7 Hz (F ð2; 24Þ ¼ 3:60; p ¼ 0:043; partial h 2 ¼ 0:231), taken to primarily represent tremor. This reflects a reduction in power with magnification for the push direction only. Between-subject variability also tended to be lower for this band.
Contact Time
Contact time as determined by the Welch's t-test detector is shown as a function of magnification in each direction in Fig. 13 . On a whole, participants were very good at maintaining contact with the target, averaging over 80 percent of the period in contact. ANOVA showed a significant main effect of magnification (F ð2; 24Þ ¼ 4:19; p ¼ 0:027; partial h 2 ¼ 0:259). Notably, changes in contact time were nonmonotonic, showing reductions at k ¼ 2, whereas the unmagnified and k ¼ 4 magnification conditions showed approximately equal time in contact. Pairwise Student's t-tests found significant differences only between the k ¼ 2 and k ¼ 4 factors (tð12Þ ¼ 2:60; p ¼ 0:023), favoring the larger magnification. However, the difference was so small as to have little practical relevance (mean time in contact with the sensor was 79.7 percent at k ¼ 2 and 84.6 percent at k ¼ 4). Given that the unmagnified condition (84.2 percent) was intermediate between the magnified values, we are reluctant to reach a conclusion about the effects of magnification on near-threshold time in contact.
Components of Magnification Effects
As systematic effects of magnification were consistently observed across the variables other than contact time, a principal components analysis (PCA) was conducted on the slope of the magnification function for the mean, standard deviation, and power in each band, within each direction. Nine of the 10 variables showed loadings greater than 0.5 on the first component, which accounted for 64.2 percent of the variance.
The exception was the standard deviation of force in the pull direction, which loaded greater than 0.5 on a second factor. This second factor accounted for an additional 18.3 percent of variability and also showed greater than 0.5 loadings for the power in the first two bands, exclusively for the pull direction. Note that there is a direct relationship between total power and standard deviation in the signal. The overall pattern for the second factor, then, suggests it is related to an effect of magnification on variability in pulling. Movements of the wrist in the pull direction are known to involve more dexterity than pushing motions [34] , [35] , [36] , [37] . (Here, we mean dexterous to describe fine or skillful control.)
The PCA suggests that magnification has a broad effect on controlling and stabilizing force, and an additional, more focused effect of stabilizing control of voluntary pulling motions.
DISCUSSION AND CONCLUSION
In this paper, we present preliminary evidence that in-situ feedback force augmentation can improve motor control and contact maintenance in isometric force generation tasks. These movements are common in surgical manipulation, where delicate forces must be applied in either push or pull directions without undue tissue motion. Such applicability to general surgical tasks (i.e., dissection, membrane peeling) motivates our present efforts.
Matching very small target forces (Experiment 1: 1-4 grams) did not show any benefits to force magnification when comparing the means and standard deviations of the applied force. Examining the time spent in the target force zone (AE1 gram tolerance), however, we found that in-situ force magnification significantly improves the ability to stay in the target zone.
Experiment 2 found that in-situ force magnification significantly reduces the mean and standard deviation of applied force in the Minimum Contact task. We can therefore conclude that force magnification aids in minimizing and stabilizing the applied force. We also found significant magnification effects on power in the 4 to 7 Hz band, potentially indicating reduced physiological tremor due to application of a stabilizing counterforce. This effect was notably strong in the push direction. We did not find any significant magnification effects in the 1 to 4 Hz band, which would have been indicative of smoother voluntary control. Further, participants do not trade off improvements in force control while in contact (i.e., in the mean or standard deviation of the applied force) with a reduction in contact time. If that were the case, we would have seen an inverse relationship between contact time and magnification, which is certainly not the case from Fig. 13 .
Previous work by the authors has examined motor control following membrane puncture [36] . From kinematic data, we found superior control of post-puncture forces in the pull direction that appeared to be biomechanical in origin and was sensitive to handedness effects [37] . These results agree with analyses of dexterity of movements in the two directions [34] , [35] . Whereas push and pull tended to be similar overall in the Minimum Contact task, some directional differences emerged. The PCA suggested benefits of magnification on stability in the pull direction that were common across the overall standard deviation of force and the first two power bands. In contrast, analysis of the individual power bands showed a significant benefit of magnification only in the push direction for the second band, associated with tremor. While preliminary, these data suggest that magnification may broadly stabilize the more dexterous pulling forces while reducing tremor in the push direction. These results are particularly relevant to the use of powered dissection or ablation tools, in which push forces are more common.
It is worth noting that the present experiments showed significant benefits of magnification for na€ ıve participants who were handling the HHFM for the first time. This supports our proposal that the forces induced by the device are transparent to the user, being attributed to the distal interaction. Moreover, the cognitive load associated with using the tool appears to be relatively low. Comparison data for both tasks as performed by medical students, surgical trainees, and attending surgeons would be of interest.
Whether magnification affects motor control differentially in the different degrees of freedom is an open and important question. After all, few surgical tasks are exclusively performed along a single dimension. Dissection with a scalpel, for example, includes both the axial direction studied in this paper, as well as the vertical direction, normal to the tissue planes. Addressing the trade-off between implementation complexity and high fidelity feedback will be better informed by examining these multiple degrees of freedom.
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